A lo n g -te r m experim ent w as carried out on a V ertisol from 1986 to 1992 to exam ine th e com bined effects o f N P K fe r tiliz ers on yield u sin g sorghum (S org h u m b ic o lo r L. M oench cv. CSH 5) and sh ort-d u ration pigeonpea ( C a ja n u s c a ja n L. M illsp. cv. IC PL 87).
The fertilizer trea tm en ts w ere as follow s: 0 (no fe r tiliz a tio n ), N (150 k g N ha"1), P (65.5 k g P 20 5 h a "l), K (124.5 k g I£20 h a ' 1), and all possible com binations (N P , NIC, P K , and N P K ). In th is study we continu ed th is experim ent during th e period 1993 to 1994 and analyzed th e crop yield respon se to fe r tiliz er s and th e N balance. The am ount o f N derived from th e atm osph ere and fe r tiliz er w as estim ated by th e 15N natural abundance m eth od and 15N isotop e dilution m ethod, respectively. A com bined application o f N and P fe r tiliz er s g a v e th e h ig h e st g ra in yield fo r th e tw o crops under th e 8th and 9th continuous croppings, unlike th e application o f K fer tiliz er. The values o f to ta l N for th e tw o crops w ere sig n ifica n tly h ig h er in th e N P and N P K p lots. T hese crops to o k up N m ainly from soil. There w as a sig n ifica n t positiv e relation sh ip b etw een th e u ptake o f N £!ft and N (lfs by each crop. P ig eo n p ea or sorgh um to o k up m ore N from th e soil in th e N fertiliz er plots th an in th e p lots w ith o u t N , su g g e stin g th a t soil N fe r tility w as enhanced and th e am ount o f N supplied from soil increased in th e p lots w ith consecutive application o f N fe r tiliz er for 7 y. E ven p igeonpea, w hich fixes atm ospheric N in h eren tly , needed N fe r tiliz er to ach ieve h igh grain yield, su g g e stin g th a t N fixation by th e nodules w as n o t alw ays sufficient to m eet th e N requirem ents o f th e crop under th ese cond itions. A lth ou gh fertiliz er N exerted a beneficial effect on p lan t g r o w th and yield in th e tw o crops, th e values o f fer tilizer N recovery (F N R ) by th e tw o crops w ere considerably low . T h erefore, it is su g g ested th a t th e developm ent o f N fe rtilizer m anagem ent w h ich could m axim ize F N R o f each crop should be prom oted.
Fertilizer management is im portant to obtain high grain yield in upland crops culti vated on Vertisols. Burford et al. (1.989 ) recommended the application of N an d P but not that of K on Vertisols since there was a large am ount of available K for crops in such soils. Meanwhile, crops after legume cultivation needed less N fertilizer on Vertisols (Wani et al. 1995) . Thus, the response of crop yield to fertilizers could be affected by the am ount of available nutrients in soil and previous crops. In the semi-arid tropics (SAT), sorghum and pigeonpea are usually cultivated continuously since they are staple food and cash crop, respectively (IC R ISA T 1994). To achieve high sustainable yield in the SAT, it is im portant to evaluate the yield response to fertilizers under continuous cropping for effective fertilizer management on Vertisols. A lthough m any studies have been carried out on the effect of fertilizers on crop yield in the SA T (K um ar Rao and D art 1987; Bhandari et al. 1989) , few studies were carried out from these view points. In the current study, we used the same crops and the field established under for continuous cropping and different N P K com binations for the past 7 y and m onitored the response of yield to fertilizer application and the N balance in the two crops for the following 2 y.
MATERIALS AND METHODS
T he experiment was conducted at the same site on a deep Vertisol at IC R IS A T Asia Center, India in the rainy season from 1986 to 1992. The initial characteristics o f the soil in the experimental area were as follows: pH, 8.6 (1:2 soil/w ater ratio); inorganic N content, 24.7 mg kg-1 soil; available P, 8.6 mg kg-1 soil; and exchangeable K, 298 mg kg-1 soil. The experimental design consisted of a split-plot with three replications. The main plots were allocated to either sorghum (So rg h u m bicolor L. M oench cv. CSH 5) or short-duration pigeonpea ( C a ja m is ca ja n L. Millsp. cv. 1CPL 87). W ithin each main plot there were eight subplots for fertilizer treatments, 0 (no fertilization), N (150 N kg ha-1 as urea), P (65.5 kg P2O g ha-1 as single superphosphate), K (124.5 kg K 20 h a-1 as potassium chloride), and all possible com binations (i.e., NP, N K , PK, and NPK. treatments). Each subplot had been continuously cultivated with pigeonpea or sorghum during the 7-y periods (1986 to 1992) except in 1989 when h alf o f each subplot was allocated to either crop and subjected to the same fertilizer treatment for 7 consecutive y. T he size o f each subplot was 6mX4m, consisting o f 8 ridges 75 cm in width. Fertilizers were broadcasted to the soil surface and incorporated into the soil up to a 20 cm depth by disc ploughing before sowing, unlike lime application. Seeds o f pigeonpea were sown 10 cm apart in two rows on either side o f the ridges at a spacing of 75 cm (i.e., 10 cm X 37.5 cm), while those o f sorghum were sown 10 cm apart in a ridge at a spacing o f 75 cm on June 29, 1993 and on June 14, 1994. A t about 2 weeks after sowing, emerged plants were thinned to one plant per hill. Supplementary irrigation was applied when required. The crops were protected from pod borer (Helicoverpa assulta Guenee) infestation by spraying of E ndosulphan and from Phytophthora blight (P hvtophthora drechsleri Tucker F. sp. c a ja n i Kannaiyan et al.) by spraying o f Benomyl.
Soil monoliths were taken to determine the nodule num ber and nodule activity of pigeonpea by the acetylene reduction assay at flowering in the latest plots (92 d after sowing (DA S)) in 1994. There was a difference of 7 d between the earliest and latest flowering. Soil monoliths (37.5 cm X 10 cm X30 cm depth) were carefully taken from the middle ridge to m iddle row in all the subplots. Roots with nodules were immediately washed to remove soil and placed into incubation bottles. After the addition o f acetylene (10% v/v) into the bottles, they were incubated at 30"C for I h. Ethylene production was measured with a gas chrom ato graph fitted with a FID detector (F33 type, Perkin-Elmer Limited, UK).
The crops were harvested at maturity on October 22, 1993 and October 13, 1994 for sorghum and on N ovember 11 (harvest o f crops from first flush flowers) and 30 (harvest of crops from second flush flowers), 1993 and on N ovember 9 and 28, 1994 for pigeonpea. The dry weight of the samples was determined after oven-drying at 70*C, and a portion of the ground material was used for N analysis.
Total N content was determined based on the color associated with indophenol production (Chaykin 1969) . F or the analysis of 13N natural abundance. N 2 gas from digested samples was introduced into a mass spectrometer (RM-I-2, Hitachi, for the 15N-enrichment samples and Finnigan M at 251 for natural l5N abundance) to measure the 15N abundance in the samples. Detailed procedures for 15N natural abundance analysis and the estimation o f the am ount o f N derived from air (Ntlfn) have been described elsewhere (Tobita et al. 1994) . Each plot with N-fertilizer contained two 0.75 m X 0 .4 m microplots for 15N balance determination in 1994. The microplots were demarcated at the center of the N-fertilizer plots. M icroplots were fertilized with labeled am m onium sulphate (10.09 atom?o excess). Plants were harvested at ground level from the m icroplot, dried to each a constant weight at 70C C, and analyzed for total N and 15N contents. Samples o f soil cultivated with pigeonpea* were collected at intervals o f 30 cm depth down to 90 cm with a 0.05 m diameter auger at 94 DAS in 1994. The collected soil samples were air-dried and passed through a 2 mm mesh sieve. Nitrate-N content in soil was estimated by extracting soil with 2 M KC1 after shaking for 1 h. The soil extracts were filtered through W hatm an No. 1 filter paper and aliquots o f KC1 extracts were analyzed for nitrate-N by distillation o f the aliquot in a micro-Kjeldahl apparatus using MgO and D evarda's alloy (Jackson 1973) .
In this area, the average rainfall is 784 mm and the rainfall is mainly distributed at the onset of the rainy season (June-N ovem ber). Usually, sorghum and pigeonpea are sown and harvested during the rainy season. Farmers apply less fertilizer com pared to the am ount used in our experiment. Heading of sorghum occurred in the middle of August and flowering of pigeonpea occurred at the beginning o f September, as usual.
RESULTS

S h o o t dry m a tte r a n d g r a in yield
The shoot dry matter (SDM ) at harvest and grain yield o f sorghum or pigeonpea in the N P and N PK plots were significantly higher than those in the other plots in 1993 and 1994 ( Fig. la and b, T able 1) . A single application o f N or P did not contribute to a significant increase in SDM at harvest and grain yield. However, a com bined application o f N and P (i.e., N P and N P K ) resulted in the highest grain yield for sorghum and pigeonpea. T he effect o f K application on the SDM at harvest and grain yield for both crops was not significant.
N itr o g e n u p ta k e and n itr o g e n b a la n c e in sh o o t
A m ount o f N taken up by sorghum or pigeonpea at harvest in the N P and N P K plots was significantly higher than that in the other plots (Tables 2 and 3 Table 1 . G ra in yield o f sorghum a n d p igeonpea d u rin g th e p eriod 1993 a n d 1994.
S o rghum (g n r 2) P igeonpea (g n r 2) 13** 20** 10*" 9** ,mp< 0.01.
T a b le 2. T o ta l nitrogen (T N )
, fractional c o n trib u tio n , and a m o u n t o f N derived from ("»N(irf in relatio n to N (lfl). soil (?6Ndf,( in relatio n to N dfs), and fertilizer N recovery (F N R ) in sorghum at harvest in 1994. The values o f fertilizer N recovery (F N R ) by the two crops in the N P and N P K plots were significantly higher than those in the other plots. There was a significant positive relation ship between the am ount of N dff and N tlfs taken up by sorghum or pigeonpea, respectively T a b le 3. T o ta l nitro g en (T N ). fractio n al c o n trib u tio n , a n d a m o u n t of' N derived from fertilizer (9oNd/f in re la tio n to N df(), from a ir (?6N,Un in re la tio n to N (lf"), soil ("<iNdr., in relatio n to N dfis), and fertilizer N recovery (F N R ) in pigeonpea at harvest in 1994, A m o u n t of N d e riv e d from fertilizer (g n v 2) F ig . 2. R e la tio n sh ip betw een th e a m o u n t o f n itro gen derived from fertilizer and nitro g en derived from soil tak e n up by sorghum a n d p igeonpea. **/> < 0.0l.
T a b le 4 . N o d u le n u m b er (N N ). n o d u le fresh w eight (N F W )
. a n d acetylene reduction activity (A R A ) in pigeonpea at 92 d after so w in g in 1994.______________ T reatm en t N N (p la n t-1) N F W (g p l a n r 1) A R A (/^m ol p l a n t '1 h _1) ( Fig. 2) . On the other hand, the am ount o f N dfIi taken up by pigeonpea in the 0, P, K, and PK plots was significantly higher than that in the other plots.
T a b le 5. N itrate-N co n te n t in soil layers at 0-30, 30-60, and 6 0 -9 0 cm depths u n d e r p igeonpea c u ltiv atio n 94 d a fter sow ing in 1994.
T reatm ent N itrate-N c ontent (m g k u ') 
N o d u le num ber, n od u le fr e sh w e ig h t, a c e ty le n e red u ctio n a c tiv ity , and so il ch em ica l c h a r a c te r istic s
There were no significant differences in the nodule num ber in pigeonpea am ong the treatments (Table 4) . T he nodule fresh weight and the acetylene reduction activity (A R A ) o f the nodules for pigeonpea in the P and PK. plots were significantly higher than those in the other plots at 92 D A S in 1994. There was a significant positive relationship between the A R A of the nodules and the nodule fresh weight (r2 -0.848**), but not the nodule number (r-= 0.075). The am ount of N dfll taken up was related to the A R A o f the nodules (r z = 0.905**). The nitrate-N content in the topsoil in the N fertilizer plots was not higher than, that in the absence o f N fertilizer treatments at 94 DAS (Table 5) . However, the nitrate-N content at a soil depth below' 0.3 m was significantly higher in the N fertilizer plots than in the plots w ithout N.
D IS C U S S IO N
High yields of the two crops under the 8th and 9th continuous croppings and consecu tive fertilizer applications were recorded in the N P and N PK plots ( Table 1) . Heading of sorghum w ithout N and P applications was delayed from 25 to 39 d. It was reported that the application o f N and P affected the yield com ponents like primary and secondary branching, number o f pods per plant and grain yield per plant in pigeonpea (Bisen et al. 1983) . Therefore, sorghum and pigeonpea required the application o f both N and P to achieve a high grain yield on. a Vertisol ir\ the SA T in this experiment, while K application was not essential. The same results were obtained under the 5th, 6th. and 7th continuous croppings in previous experiments (M atsunaga et al. unpublished) . The resuits of yield responses to fertilizer application agreed well with the results obtained by Bhandari et al.(1989) in pigeonpea and Sahrawat (1988) in sorghum. The response to N and P applications may be attributed to the low availability of N due to leaching by heavy rain at the onset o f the rainy season and o f P due to imm obilization in the soil o f the experimental site. Further studies on the estimation of N and P dynamics in the present soil should be carried out.
The yield advantage in sorghum or pigeonpea was ascribed to the high N uptake at harvest (Tables 2 and 3) . The values of total N for the two crops were significantly higher in the NP and N PK plots. These crops accumulated large am ounts of N from soil. There were significant relationships between the uptake of N (lff and N t)fs by sorghum and pigeonpea. respectively (Fig. 2) . T he value o f the regression intercept at 0 value of the am ount of N tUf taken up by pigeonpea was higher than that in sorghum since pigeonpea could grow w ithout N fertilizer due to biological N fixation (BNF). T h e relationship observed was in good agreement with the results reported by Oil's and Werner (1994) . The uptake o f N (lfs by sorghum or pigeonpea in the N fertilizer plots was higher than that in the plots without N (Tables 2 and 3. Fig. 2 ). The increase in the uptake o f N dn and N drs could be associated with root growth, it was estimated that soil N fertility was enhanced and N supply from soil increased during the 7-y period. Liljeroth et al. (1994) reported that a large am ount of microbial biomass was incorpo rated due to the release of carbon from crop roots in the N fertilizer plots. In sorghum, the uptake o f N (ltH in the N P and N PK plots was higher than that in the N plot (Table 2 ). It is considered that microbial biomass increased due to the large root mass associated with P application (Sahrawat 1988) and enhanced soil N fertility. Further studies on the quantification o f the changes in the soil microbial biomass C and mmeralizabJe and total-N in the soil should be carried out to analyze soil N fertility.
A lthough the am ount of N dfn taken up by pigeonpea surpassed that of N tlfs in the P and PK plots, the am ount was not sufficient to meet the N requirement o f the crop to achreve a high yield. T he values of A R A o f the nodules and the nodule fresh weight in the P and PK. plots were significantly higher than those in the N fertilizer plots due to the low content of niirate-N in the subsoil (Table 5) . The values o f A R A o f the nodules were within the range of those reported by M atsunaga et al. (1994) . A lthough the low nitrate concentration in the soil resulted in a high nodule fresh weight (Streeter 1986 ) and enhancement of BN F (Peoples et al. 1995) , continuous cropping and environmental factors affected the nodulation and A R A o f pigeonpea. T he low nodule mass and A R A o f pigeonpea in Vertisols may be due to nodule dam age caused by R ixellia sp. (K um ar Rao and Sithanantham 1989) and soil saturation with water during the rainy season (Okada et al. 1991) . Therefore, further increase in the am ount of N dfll taken up by pigeonpea under the present conditions could be difficult due to these factors.
A lthough fertilizer N exerted a beneficial effect on plant growth and yield in the two crops, the values o f F N R Tor the two crops were considerably low (Tables 2 and 3 ). This phenom enon was attributed to the large extent o f leaching losses by heavy rain at the seedling stage and insufficient plant growth due to the build-up of soil-borne diseases and insect pests during continuous cropping. Since fertilizer is valuable in the SAT, the develop ment o f N fertilizer management (i' .e. using slow-acting fertilizers or split applications) which could maximize F N R o f each crop should be promoted. Adu-Gyamfi et al. ( 1997) reported that F N R by sorghum with basal application o f N which am ounted to I5?6 increased to 32% where N application was delayed.
In conclusion, it became evident that sorghum and pigeonpea needed both N and P fertilizers to achieve high grain yield on a Vertisol in the SA T in this experiment. The yield advantage o f sorghum or pigeonpea was ascribed to the high N uptake up to harvest. These crops accumulated large am ounts o f N from soil. There was a significant positive relation ship between the uptake of N clff and N dfs by each crop. Pigeonpea or sorghum took up more N from the soil in the N fertilizer plots than in the plots w ithout N. Even pigeonpea, which fixes atmospheric N inherently, needed N fertilizer to achieve high grain yield, suggesting that N fixation by the nodules was not always sufficient to meet the N requirements o f the crop under these conditions. In the current experiment, pigeonpea may require fertilizer N for seedling growth as starter-N. A lthough fertilizer N exerted a beneficial effect on plant growth and yield in the two crops, the values of fertilizer N recovery (FN R ) by the two crops were considerably low, suggesting that the development of N fertilizer management which could maximize F N R o f each crop should be promoted.
